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Abstract 

Under cycling loading conditions, solder joints are susceptible to fatigue cracking, which often initiates at the surface where 

the strain range is maximized.  Event detectors have been widely used to detect failure of solder joints during reliability 

testing.  These devices monitor DC resistance using very high sampling rates, thus allowing failure to be defined on the basis 

of a minimum number of samples that exceed a failure threshold.  Event detectors excel at recording rapid, intermittent 

changes in resistance and identifying a DC open circuit, which is the typical criterion for failure.  However, event detectors 

are not sensitive to early stages of degradation, because changes in resistance under cyclic loading conditions do not occur 

until a crack has propagated almost all the way through a solder joint, and because their sensitivity to small changes in DC 
resistance is adversely affected by temperature variations and electromagnetic interference.   

 

RF impedance monitoring offers a highly sensitive means of detecting interconnect degradation.  Due to the skin effect, a 

phenomenon wherein signal propagation at high frequencies is concentrated near the surface of a conductor, even a small 

crack initiating at the surface of a solder joint raises the RF impedance.  Thus, RF impedance monitoring can detect early 

stages of solder joint degradation long before it results in a DC open circuit.   

 

In order to compare the respective sensitivities in detecting solder joint degradation between RF impedance and event 

detectors, mechanical fatigue tests have been conducted with an impedance-controlled circuit board on which a surface 

mount component was soldered.  During cyclic loading, simultaneous measurements were taken of DC resistance and the 

reflection coefficients obtained from time domain reflectometry (TDR) as a measure of RF impedance.  The TDR reflection 

coefficients were consistently observed to increase in response to early stages of solder joint cracking prior to the first failure 
detection of an event detector.  The results demonstrate that RF impedance monitoring has the potential to predict and 

prevent failures of electronic products due to solder joint cracking by providing a warning that an interconnect has begun to 

degrade. 

 

Introduction 

The reliability of an electronic package is largely affected by the durability of interconnects such as solder joints.  One of the 

most common failure modes is a DC open circuit due to solder joint cracking, which generally initiates from the 

circumferential area where the strain energy is maximized and propagates inward [1][2].  A cracked solder joint sometimes is 

extremely hard to detect when it is part of a daisy-chain and is surrounded by other solder joints that have not cracked yet.  

This cracked solder joint may seem to provide a good electrical contact due to the compressive load applied by the 

neighboring intact joints, but it can cause the occasional loss of electrical continuity under operational and environmental 
loading conditions [3].  Thus, cracked solder joints can lead to an intermittent failure of the package and eventually a 

permanent failure of the product or system.   

 

The electronics industry has long been using event detectors and data loggers to detect intermittent behavior of solder joint 

resistance under loading conditions [3][4].  In general, changes in DC resistance in response to solder joint degradation can 

be detected by these instruments only after a crack has propagated almost all the way across the solder joint [5].  However, it 

has been previously reported that RF impedance exhibits increased sensitivity in detecting early stages of solder joint 

degradation compared to DC resistance [6][7].  While a small crack at the surface of a solder joint would not affect DC 

resistance, it can raise the RF impedance due to the skin effect, a phenomenon wherein signal propagation at high frequencies 

is concentrated near the surface of a conductor.   

 



 

This paper compares the respective sensitivities in detecting early stages of solder joint degradation of RF impedance and 

event detectors.  A test circuit was designed to simultaneously monitor both RF impedance and event detector measurements.  

Mechanical fatigue tests were performed on an impedance-controlled circuit board containing a surface mount component.  

In the following sections, detailed experimental procedures are discussed, and a comparative analysis between RF impedance 

and event detector measurements is presented. 

 

Early detection of solder joint degradation 

Paired with measurements taken using event detectors or data loggers, the IPC-SM-785 standard is widely used in the 

electronics industry to define the criteria for solder joint failure during reliability or qualification testing of electronics [8].  

An event is defined to be a loss of electrical continuity where the resistance of the circuit exceeds a threshold resistance (Rth), 

which is also defined by the standard.  The standard defines a failure as the first event (t0) associated with the loss of 

electrical continuity, if it is followed by nine additional events within an additional 10% of the lifetime (t0+0.1t0) as shown in 

Figure 1.  The loss of electrical continuity of a solder joint typically occurs when a crack within the solder joint is large 

enough to result in an instantaneous open circuit due to operational or environmental loading conditions.  Because of their 

rapid sampling rate, event detectors are also widely believed to be the best means of detecting a crack under cyclic or 

transient loading conditions.  Nevertheless, event detectors may not be useful for detecting early stages of solder joint 

degradation, since the resistance increase associated with a partial crack would not be large enough to trigger an event. 
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Figure 1: Schematic representation of failure definition according to IPC-SM-785 

 

RF impedance can be used as an alternative means of detection that exhibits increased sensitivity to changes at the surface of 

a solder joint.  At frequencies of several hundred MHz or more, signal propagation is more sensitive to changes at the surface 

of a conductor, such as a solder joint, due to surface concentration of the current, which is known as the skin effect.  “Skin 

depth” refers to the thickness of the conductor within which about 63% of the current is contained [9].  As shown in equation 
(1), the skin depth, δ, is directly related to the frequency, f, and the resistivity of the conductor, ρ: 
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where μ denotes the material’s permeability.  Due to the skin effect, the current density falls off exponentially with distance 

from the surface of a conductor.  More than 99% of the current is concentrated within 5 skin depths of the surface.  Figure 2 

shows the cumulative current density over distance from the surface of a conductor.  This surface concentration of current 

makes RF impedance more sensitive to mechanical degradation, such as a crack, at the periphery of a solder joint.   

 

In this study, time domain reflectometry (TDR) was used as a measure of RF impedance.  TDR is useful for identifying fault 
locations in a circuit because it provides information about the magnitude and sign of impedance variations as well as 

localizing their positions within the circuit.  A TDR measurement is conducted by injecting a pulse or waveform into a circuit 

and monitoring the reflected voltages due to impedance discontinuities within the circuit as well as the round-trip transit time 

to the location of these discontinuities.  A reflection coefficient (Γ) is often used to report the magnitude of a TDR 

measurement. The reflection coefficient is the ratio of the reflected voltage to the signal voltage transmitted from the same 

port, and it is expressed as shown in equation (2): 
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where ZL and Z0 denote the impedance of the device under test (DUT) and the characteristic impedance of the circuit, 

respectively. 
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Figure 2: Cumulative current density vs.  multiples of skin depth from the surface 

 

In order to compare the respective sensitivities in detecting solder joint degradation, simultaneous measurements were 

performed of the TDR reflection coefficients and an event detector, while the solder joints in a test circuit were stressed by a 

cyclic mechanical shear force.   
 

Experimental setup and test conditions 

A test circuit was developed to simultaneously monitor both the TDR reflection coefficient and the event detector 

measurement during solder joint degradation.  As shown in Figure 3, the test circuit consisted of an impedance-controlled 

circuit board, two bias-tees, RF cables, a uniaxial load tester, and measurement instruments.  The circuit board has a 

controlled characteristic impedance of 50 Ohms to match that of the measurement instruments and other components.  A 

surface mount technology (SMT) low pass filter was soldered onto this circuit board using eutectic tin-lead (Sn-37Pb) solder.  

The low pass filter has a cut-off frequency of 6.7 GHz.  Since the monitored frequency range for the TDR reflection 

coefficient measurement was between 500 MHz and 6 GHz, the filter acted as a conductor with the same characteristic 

impedance of 50 Ohms.   

 

RF    RF+DC

DC

Bias-Tee

DC

RF    RF+DC

Bias-Tee

Vector network 

analyzer

Event detector

Impedance-controlled 

circuit board

L
P

FSolder joints Cyclic load

 
Figure 3: Schematic of test circuit for simultaneous monitoring of TDR reflection coefficient and event detector 

measurement 
 

An MTS Tytron 250 was used to generate a cyclic shear force to produce fatigue failures of the solder joint.  Based on the 

shear strength measurement of the solder joint and several preliminary test results, a sinusoidal load profile was selected, with 

an amplitude of 10 N and a frequency of 0.25 Hz, superimposed on an offset force of 30 N, as shown in Figure 4.  The offset 

force maintained the contact between the component and the load transducer.  A load probe was attached to the end of the 

transducer and made contact with the component through a strip of alumina, which was inserted in order to avoid introducing 

electrical interference at the point of contact.  Figure 5 shows the test apparatus focusing on the test vehicle and the load 

transducer. 

 

An AnalysisTech STD128 event detector was used to continuously monitor the DC continuity of the test circuit.  A threshold 

resistance of 1000 Ohms was configured according to the IPC-SM-785 standard [7].  The effects of the high frequency 

signals and the RF components on the event detector measurement were evaluated to determine whether the event detector 



 

might be affected by signals of a few gigahertz or the bias-tees.  By intentionally introducing an electrical discontinuity into 

the test circuit, it was confirmed that the operation of the event detector was not influenced by the high frequency signals and 

components used in this study.   
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Figure 4: Cyclic shear force profile  

 

An Agilent E8364A vector network analyzer (VNA) was used to monitor the TDR reflection coefficient during solder joint 

degradation.  For TDR reflection coefficient measurement, the VNA swept and collected the reflection coefficients across the 

defined frequency range and then applied an inverse fast Fourier transform.  Therefore, the time domain measurement using a 

network analyzer is a composite response over all the frequencies monitored.   

 

 
Figure 5: Test apparatus  

 

Test results 

Fatigue tests were conducted by applying a cyclic shear force to the component with simultaneous monitoring of the TDR 

reflection coefficient and the alarm status of the event detector.  Each experiment was performed until the applied force 

resulted in a DC open circuit.  The event detector polled out a measurement result once per second, and it triggered an alarm 

when the monitored DC resistance exceeded the threshold resistance.  Thus, the output value from the event detector was 

either zero or one, indicating either a short or an open circuit, respectively.  The TDR reflection coefficient was collected 

every 30 seconds using instrumental control software.  Each set of TDR measurements contained a collection of reflection 

coefficient values over the signal path of the circuit board.  In order to compare them with the event detector measurements, 

the TDR reflection coefficients at the solder joint were extracted and displayed in one plot as a function of test duration. 

 

Figure 6 shows test results in which the solder joint failed by fatigue due to the application of the cyclic shear force.  The 

duration of the test was 4307 minutes, at which time a DC open circuit of the solder joint was observed.  Around the 

beginning of the test, the TDR reflection coefficient remained at its initial value.  However, toward the end of the test, it 

gradually increased and eventually exhibited an abrupt increase, which indicated a DC open circuit.  Within the curve that the 



 

TDR reflection coefficient produced, a 5% increase of the initial value occurred at 4260 minutes, which was 47 minutes 

earlier than the time to failure based on the event detector.  The event detector did not trigger any alarms in response to 

intermittent behavior of DC resistance prior to the DC open circuit. 
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Figure 6: Comparison between the TDR reflection coefficient and the alarm status of the event detector during a 

fatigue test 

 

Figure 7 is a photograph of the cracked solder joint taken after the fatigue test.  The direction of the solder joint separation 

coincided with that of the applied shear force.  The failure mode was confirmed to be a DC open circuit at the solder joint by 

measuring a DC resistance after the failure, and the failure mechanism was the solder joint cracking that propagated all the 

way across the solder joint.  In general, the same behaviors of the TDR reflection coefficient and the event detector 

measurement were consistently observed over multiple trials, along with the confirmation of the same failure mechanism, 

solder joint cracking. 
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Figure 7: Cracked solder joint due to the application of the cyclic shear force after the fatigue test 

 

Conclusions 

This study demonstrated that RF impedance is more sensitive to mechanical degradation of a solder joint than an event 
detector.  A test vehicle was developed to allow direct comparison of the respective sensitivities between TDR reflection 

coefficients as a measure of RF impedance and an event detector during the generation of mechanical fatigue failure of the 

solder joints on the test vehicle.  The test results showed that the TDR reflection coefficients were consistently observed to 

increase in response to early stages of solder joint degradation prior to the first failure detection of the event detector.  This 

indicates that the TDR reflection coefficient can serve as a dependable solder joint failure indicator in spite of its low speed 

sampling compared to the event detector, which performs continuous high speed sampling. 

 

These test results imply that reliability assessment based on DC resistance measurements, using equipment such as event 

detectors, may overestimate the lifetime of high speed electronic assemblies.  As the characteristic frequencies of transmitted 

signals increase beyond several hundred MHz or more, the performance of electronic assemblies will be increasingly 

sensitive to even minor levels of interconnect damage, such as solder joint cracking.  As shown in the test results, RF 
impedance can provide a more sensitive means to diagnose solder joint degradation than do measurements based on DC 



 

resistance. Thus, measuring RF impedance allows for more accurate assessment of the reliability of high speed electronic 

products. 

 

Another implication of these findings is that RF impedance can serve as a prognostic tool, providing the remaining useful life 

of electronic products.  Since the changes in TDR reflection coefficient leading up to failure were gradual in nature, it should 

be possible to quantify the damage level associated with solder joint cracking.  An appropriate threshold that exceeds an 
acceptable solder joint damage level can trigger an alarm to provide condition-based maintenance, thereby increasing product 

safety and availability along with substantial savings in the lifecycle cost of a product. 

 

Future work on this topic will involve quantification of the relationship between physical degradation and RF impedance, and 

testing of more complex test vehicles and interconnect structures under a variety of environmental and operational loading 

conditions. 
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Table 2. Results of regression on the capacitance data (for group A capacitors) at 125oC and 285 V 
Aging 

condition 
Linear degradation region Logarithmic degradation region 

m Co r2 k Co1 r2 
125oC, 285 V -5.09E-14 4.34E-10 0.48 -7.20E-11 7.84E-10 0.95 

 
Statistical analysis was performed on the time-to-failure data (as a result of a decrease in the capacitance) for small 
capacitors. A Weibull 3-parameter distribution was fitted to the failure data as shown in Fig. 8, and the parameters 
of the distribution are given in Table 3, where γ is the location parameter. The value of time to 50 percent failure 
(t50) at 125oC and 285 V aging was found to be 392.4 hrs. 
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Fig. 8. Unreliability vs. time-to-failure due to capacitance decrease (for group A capacitors) at 125oC and 285 V 

 
Table 3. Statistical analysis of time-to-failure due to capacitance decrease (for group A capacitors) 

Aging condition Test duration 
(hrs) 

Failed Survived t50 
(hrs) 

β η γ 

125oC and 285V 500 6 2 392 1.04 115 312 
 
No failures as a result of decrease in capacitance were observed for large capacitors (group B) at 125oC and 285 V. 
The degradation in the capacitance for large capacitors was different as compared to small capacitors, and no linear 
degradation region was found as shown in Fig. 9. The values of constants Co1 and k for the logarithmic degradation 
were found by regression and are presented in Table 4. 
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Fig. 9. Typical plot of capacitance (for group B capacitors) at 125oC and 285 V 

 



  
                                                                  

Table 4. Results of regression on the capacitance data (for group B capacitors) at 125oC and 285 V 
Aging 

condition 
Logarithmic degradation region 

k Co1 r2 
125oC, 285 V -4.13E-11 5.10E-9 0.96 

 
The values of the constant k for the logarithmic degradation rate for small and large capacitors are comparable to 
each other implying that the logarithmic degradation was due to a change in the material properties of the dielectric. 
The time-to-failure (TTF) as a result of a decrease (20%) in capacitance in the logarithmic degradation region can be 
computed by: 

⎟
⎠
⎞

⎜
⎝
⎛= −

k
CTTF 011 8.0ln                                                                                                                                                     (5) 

Since the initial value of capacitance (C01) of large capacitors was around one order of magnitude higher than the 
capacitance of small capacitors and the value of k was found to be comparable, no failures were observed in large 
capacitors during the duration of test. 
 
In the future, temperature and voltage tests will be conducted at 125oC, 250V and 105oC, 285V and the values of 
Prokopowicz constants will be computed. Since failures were also observed as a result of a decrease in capacitance, 
a model for the TTF (as a result of a decrease in capacitance) will be developed.    
 
6 Temperature-humidity-bias tests 
The objective of conducting temperature-humidity-bias tests was to investigate the effects of an applied voltage 
under elevated temperature and humidity conditions. Three test vehicles were biased at 0, 5, and 150 V in an 
environmental chamber maintained at 85oC and 85% RH. 36 out of 80 capacitors were selected from group A (small 
capacitors) and 4 out of 6 capacitors were selected from group B (large capacitors). The parameters of 120 
capacitors were monitored in-situ every one hour. 
 
Thus far 395 hours of testing have been completed and the test is still proceeding. No failures were observed in the 
test vehicle that was biased at 0 and 5 V. At both these stress levels the capacitance was found to increase with time, 
as expected. Typical plots of the capacitance of group A and group B capacitors (maintained at 85oC and 85% RH) 
are shown in Fig. 10 and Fig. 11, respectively. It can be observed that for small capacitors (group A) the capacitance 
stabilized within the first 100 hrs, whereas in large capacitors (group B) the capacitance is still increasing. The 
reason for this behavior is currently under investigation. 
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Fig. 10. Capacitance of group A capacitors (maintained at 85oC, 85% RH, and 0 V) 

 
The average increase in capacitance after 395 hrs for group A and group B capacitors maintained at 85oC, 85% RH 
and 85oC, 85% RH, and 5 V are given in Table 5. The dissipation factor was also found to increase due to moisture 
absorption in the dielectric.  
 

Table 5. Percentage increase in capacitance 
Stress level Group A Group B 

85oC and 85% RH 17.3 ± 1.7 13.9 ± 0.5 
85oC, 85% RH, and 5 V 17.3 ± 1.7 13.8 ± 0.6 
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Fig. 11. Capacitance of group B capacitors (maintained at 85oC, 85% RH, and 0 V) 

 
Insulation resistance was found to increase on both test vehicles (that were biased at 0 and 5 V) and is shown in Fig. 
12. The reason for this increase in insulation resistance under humid conditions is currently under investigation.   
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Fig. 12. Insulation resistance of group A capacitors (maintained at 85oC, 85% RH, and 0 V) 

 
Failures were observed due to a sharp drop in insulation resistance on the test vehicle that was biased at 150 V. A 
typical plot of insulation resistance of a failed capacitor is shown in Fig. 13. Many intermittent failures were 
observed before the permanent failure. 32 out of 36 capacitors of group A and 4 out of 4 capacitors of group B failed 
within 395 hrs. The value of capacitance started to fluctuate after failure (as a result of a sharp drop in IR), so the 
increase in capacitance at this stress level is not calculated. The THB test at 150 V bias will be terminated upon 
failure of the remaining capacitors of group A. 
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Fig. 13. Insulation resistance of group A capacitors (maintained at 85oC, 85% RH, and 150 V) 

 



  
                                                                  

The THB test at 0 and 5 V bias will be continued for up to 2500 hrs or complete failure of all capacitors (whichever 
is earlier). Any differences in the measured parameters of the boards biased at 0 and 5 V will be analyzed.    
 
7 Conclusions 
The reliability of an embedded capacitor with epoxy-BaTiO3 composite dielectric (8 μm thick) was investigated 
during temperature and voltage aging and temperature-humidity-bias conditions. Embedded capacitors with areas of 
0.026 in2 (group A) and 0.19 in2 (group B) were investigated. 

  
The failure mode during temperature and voltage aging (125oC and 285 V) was found to be a sharp drop in the 
insulation resistance indicating avalanche breakdown (ABD) and a gradual decrease in capacitance. ABD failures 
were found to follow two distributions, indicating early life and wearout failures. The MTTFs for early life and 
wearout life (for the smaller capacitors from group A) were found to be 119 and 452 hrs, respectively. All group B 
capacitors failed by ABD within 10 hrs. The lower time-to-failure (by ABD) for the larger capacitors can be 
attributed to an increase in the number of defects in the dielectric with an increase in the area of the capacitor. The 
nature of degradation of capacitance during aging (125oC and 285 V) was different for small and large capacitors. 
The degradation of the smaller capacitors (group A) was found to be linear followed by a logarithmic degradation 
after a certain time (referred to as to). The value of the aging transition time to was found to be 170.9 ± 5.5 hrs. The 
larger capacitors (group B) had only a logarithmic degradation region. The effect of area on the degradation in 
capacitance is currently under investigation. The rate of logarithmic degradation for small and large capacitors was 
similar implying a change in a material property (possibly dielectric constant) as the reason for logarithmic 
degradation. The time to 50% failure (as a result of a decrease in capacitance) for group A capacitors was found to 
be 392 hrs. No failures as a result of a decrease in a capacitance were observed in group B capacitors, during 500 hrs 
of aging, since the time-to-failure in the logarithmic degradation region is proportional to the initial value of 
capacitance (the initial value of capacitance of group B capacitors was about one order of magnitude higher than that 
of group A capacitors). 

 
Under elevated temperature and humidity conditions (85oC and 85% RH for 395 hrs) the capacitance was found to 
increase by about 15% for both groups of capacitors. Dissipation factor was also found to increase due to moisture 
absorption in the dielectric. The insulation resistance of this dielectric was stable after application of 5 V at 85oC and 
85% RH for 395 hrs. Failures due to a sharp drop in insulation resistance were observed when the applied bias was 
150 V under the same environmental conditions.  
 
Temperature and voltage aging and THB tests will continue and further results will be reported in a future 
publication. Based on the results, recommendations will be provided regarding the design and stress levels for usage 
of these devices. 
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Typical Causes of Solder Joint Failure

Load conditions Failure 
mechanisms

Cyclic load

Damage 
initiation

Fatigue
(thermal or vibration)

Monotonically
increasing load

initiation 
site

Surface

Mechanical 
over-stress

Mechanical stress +
elevated temperature

Surface

Creep

Chemical exposure Corrosion 



The Role of the Interconnect Surface 
in Early Stages of Degradationin Early Stages of Degradation

Interconnect degradation often starts from 
th f d t i dthe surface and propagates inward. 

Ref.: Kim and Elenius, Proc. of 51st ECTC, 2001, pp. 681-686.



Sensitivity of Signal Propagation to 
Interconnect DegradationInterconnect Degradation

• At high operating frequencies, signal propagation is 
concentrated at the surface of interconnects. This 
phenomenon is referred to as the “skin effect.”

• Due to the skin effect even a small crack initiated at theDue to the skin effect, even a small crack initiated at the 
surface of an interconnect raises the RF impedance. 

• Therefore, RF impedance provides an improved means 

A

of monitoring interconnect degradation.

ρδ =

A-A’

A’

Signal

δ: skin depth at a given frequency, f

πμ
δ

f

A δ: skin depth at a given frequency, f
ρ: resistivity of the material
μ: permeability of the material



Cumulative Current Density with Depth

• The skin depth, δ, is the distance from the surface 
within which about 63% of the current is concentrated.

• Due to the skin effect, more than 99% of the current is 
concentrated within five skin depths from the surface.
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Skin Depth of Interconnects

At frequencies over about 500 MHz, skin depth becomes 
less than a tenth of interconnect size.
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Time Domain Reflectometry (TDR)

• TDR reflection coefficient (Γ) is the ratio of the incident and reflected 
voltage due to impedance discontinuities in the circuit. 

• In the time domain, any discontinuities due to impedance mismatches , y p
within the circuit are seen as discrete peaks.

• TDR reflection coefficient is used as a measure of RF impedance.
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Schematic for Fatigue Tests

• Controlled cyclic load was applied to generate fatigue 
failure of the solder joints.

• During fatigue tests RF impedance and DC resistance• During fatigue tests, RF impedance and DC resistance 
were simultaneously monitored using a VNA and an event 
detector, respectively.

RF    RF+DC
Bias-Tee

Vector network 
analyzer Impedance-controlled 

circuit board

DC

Bias-TeeEvent detector

LPFSolder joints Cyclic load

DC

RF    RF+DC

Bias Tee



Experimental Setup

1206 SMT low pass filter
(3 0 mm x 1 5 mm)(3.0 mm x 1.5 mm)

Load probe
Coaxial RF cable

Solder joints

Ceramic material was inserted to prevent electricalCeramic material was inserted to prevent electrical 
contact between the component and the load probe.



Fatigue Test Conditions
• Equipment 

– MTS Tytron 250 (load unit)
– Agilent E8364A vector network analyzer (RF measurement)Agilent E8364A vector network analyzer (RF measurement)
– AnalysisTech Event Detector STD128 (DC measurement)

• Electrical characteristics
Cut off frequency of the low pass filter: 6 7 GHz

45
Mechanical Load Profile

– Cut-off frequency of the low pass filter: 6.7 GHz
– Characteristic impedance: 50 Ohms

• Test variables
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TDR Reflection Coefficient 
Measurements

TDR reflection coefficients at the solder joint were extracted 
from the collected TDR data to examine their changes.
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RF Precursor Earlier than Event Detector
• Toward the end of the tests, the TDR reflection coefficient 

provided failure precursors as a gradual increase.
• On the other hand, the event detector did not trigger any
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1

rDC open circuit at 4307 min

On the other hand, the event detector did not trigger any 
alarms until a DC open circuit occurred.
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Comparison of Detection Sensitivity

A 5% increase of the initial value occurred at 4260 
minutes, which was 47 minutes earlier than the time to 
failure based on the event detector
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Cracked Solder Joint

The direction of the solder joint separation 
coincided with that of the applied shear forcecoincided with that of the applied shear force. 

Direction of the 
shear force



Consistency of Early Detection 
Using RF Impedance

In general, the same behaviors of the TDR reflection coefficient 
and the event detector measurement were consistently 
observed over multiple trials, along with the confirmation of the 

g p
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Illustration of Sensitivity of RF Impedance 
to Interconnect Degradationg

Using a statistical anomaly detection technique to improve 
sensitivity, RF impedance can detect a partial crack of only 
30 µm within a solder joint.µ j

30 µm



Application of RF Impedance Monitoring 
to Studies of Damage Accumulation

• The RF response is well-behaved and directly correlated to crack 
growth, providing a real-time, non-destructive monitoring tool.

• In this example, the geometry and the localized changes to the p , g y g
microstructure strongly suggest the future crack path.

SnPb Solder Joint (During High Temperature Creep)

Low pass filterLow pass filter

Solder 
joint

Partial crack
Partial crack



Conclusions

• RF impedance can provide a more sensitive means to 
diagnose solder joint degradation than do measurements 
based on DC resistance, such as event detectors.
– RF impedance changes are consistently detectable prior to event 

detector alarms under cyclic loading conditions.y g
– RF impedance does not require high speed data acquisition in 

order to detect failure precursors.

• RF impedance appears to be the most sensitive and• RF impedance appears to be the most sensitive and 
consistent hardware solution available for early warning 
of interconnect failure.
– RF impedance can accurately assess the reliability of high speed 

electronic products, which are sensitive to even minor levels of 
interconnect damage.



Benefits of the Technique Include ...

• Real-time monitoring of interconnect degradation, 
providing non-destructive early warning of impending p g y g p g
failure.

A t l f th t d f d l ti• A tool for the study of damage accumulation processes 
during interconnect degradation.

• A basis for prognostics of electronic products, enabling
– reliable prediction of the remaining useful life of interconnects;
– condition-based maintenance; and
– improved safety and reduced life-cycle costs.



Thank you for your attentionThank you for your attention.
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